Metabotropic glutamate receptor (mGluR) subtype 1 is a Class III G-protein coupled receptor, which is mainly expressed on the post-synaptic membrane of neuronal cells. The receptor has a large N-terminal extracellular ligand binding domain that forms a homodimer, however, the intersubunit communication of ligand binding in the dimer remains unknown.
Introduction
Steady-state fluorescence measurement -Steady-state tryptophan fluorescence was measured by an F-4500 spectrofluorometer (HITACHI, Japan) with an excitation wavelength of 290 nm at 20 °C using a stirring cuvette. Protein concentration was 0.67 µM as the dimer.
Measurements were performed in a buffer composed of 20 mM HEPES, pH 7.4, and 50 mM NaCl with or without 2.0 mM CaCl 2 . Emission spectra from 300 to 400 nm were recorded.
For the titration experiments, small aliquots of ligand (0.1 ~ 1.0 % of total volume) were sequentially added to the cuvette, and the fluorescence intensity at 350 nm was recorded.
Volume changes in the titration experiments were corrected before analyzing the data. To obtain the titration curves, we also used the peak values of the fluorescence spectra instead of Ligand binding assay The [ 3 H]-labeled ligand binding assay was performed using the polyethylene glycol (PEG) precipitation method (10) as previously described with minor modifications. Briefly, 20 nM [ 3 H]-labeled quisqualate or glutamate (Pharmacia) and the protein solution (1 µg of protein) were mixed in 150 µl of binding buffer composed of 40 mM HEPES, pH 7.4, and 2.5 mM CaCl 2 at 4 °C for 1 h. Then, 6 kDa PEG was added to the sample to a final concentration of 15 % with 3 mg/ml of γ-globulin. After vortexing and centrifugation, the precipitated material was washed twice with 1 ml of the binding buffer containing 8 % of 6 kDa PEG, and then it was dissolved in 1 ml of water. After the addition of 14 ml of Clearsol II (Nacalai Tesque), the radioactivity was measured using a scintillation counter.
Data analysis of the titration experiments -Titration curves for glutamate and quisqualate binding were made by plotting the values of (F -F 0 )/F max against the ligand concentrations where F and F 0 are the fluorescence intensities in the presence and absence of ligand, respectively, and F max is the maximum value of the fluorescence change in the titration experiment. For the titration curves of (S)-MCPG and LY367385 binding, the values of (F 0 -F)/ F max were used because the intrinsic tryptophan fluorescence decreased upon the addition of these antagonists. The titration curves were fitted to the following equation by the Kaleidagraph software (Synergy), F/F max = S nH / (K app + S nH ) where F equals F -F 0 or
Results
To elucidate intersubunit allostery in the dimeric ligand binding domain of mGluR1, we worked out a plan to utilize the intrinsic tryptophan fluorescence signal to detect a ligand binding event. For the first step, we constructed and purified the FLAG-tagged LBD of mGluR1 to test whether the intrinsic tryptophan fluorescence changes upon ligand binding.
Purification of the FLAG-tagged ligand binding domain -Since the protein from the anti-FLAG-antibody-conjugated agarose gel was eluted with the FLAG peptide at a neutral pH instead of with an acidic or alkaline buffer, the protein damage was minimized. As analyzed by SDS-PAGE followed by silver staining, the purified FLAG-tagged LBD was observed as almost a single band (Fig. 1 A) . It was previously reported that under the non-reduced conditions the two protomers of the mGluR1 LBD are crosslinked to form a dimer through an interprotomer disulfide bond even under the denaturing conditions on an SDSpolyacrylamide gel (9, 10) . Like the non-tagged wild-type LBD, the band of the FLAGtagged LBD under the reduced conditions (Fig. 1A, +DTT ) was shifted to a position corresponding to twice the molecular weight under the non-reduced conditions (Fig. 1A, - DTT), indicating that the FLAG-tagged protein maintained the ability to form an interprotomer disulfide bond as demonstrated for the non-tagged LBD (9) .
Next, we investigated the ligand binding ability of the FLAG-tagged LBD using a Fig.1 B, the FLAG-tagged LBD bound the [ 3 H]quisqualate at the same level as that of the nontagged LBD. This indicates that the additional eight amino acids at the C-terminus of the protein do not influence the ligand binding capacity. From these data, we concluded that the FLAG tag at the C-terminus did not perturb the activities of the protein, and therefore, we utilized the FLAG-tagged LBD for the following experiments described below.
Intrinsic tryptophan fluorescence changes of the FLAG-tagged LBD induced by ligand
binding -We examined whether the intrinsic tryptophan fluorescence changed upon the addition of ligand. In the absence of ligand, the intrinsic tryptophans of the FLAG-tagged LBD exhibited an emission spectrum with a peak at ~ 345 nm when excited at 290 nm ( Fig.   2A, dotted line) . Upon the addition of excess glutamate (1.0 mM final concentration), a native agonist for mGluR, the fluorescence spectrum changed in a manner such that the fluorescence intensity was enhanced by about 18 % and the fluorescence maximum was slightly shifted by ~ 1 nm toward a longer wavelength (red shift). Upon the addition of excess quisqualate (100 µM at final concentration), a non-native strong agonist for group I mGluRs, the emission spectrum was enhanced, but amplitude of the spectral change was less than that observed for glutamate addition (Fig 2C) . This result probably reflects some environmental differences between the glutamate and quisqualate binding states around the tryptophans that contribute toward sensing the ligand binding. As a control for these observations, we measured the emission spectrum of the T188A mutant. It has been demonstrated that this mutation dramatically reduced the binding affinity of agonists and that no cellular responses were detected in HEK293 cells expressing the full-length mGluR1 carrying the same mutation (26) . As shown in Fig. 2E , the emission spectrum of the mutant did not exhibit any noticeable change upon the addition of excess glutamate. Although we also examined the spectrum upon the addition of quisqualate, no effects were observed as well (data not shown). Therefore, the enhanced emission spectra observed for the wild-type FLAG-tagged LBD resulted from agonist binding to the protein. Fig. 2B shows fluorescence spectra in the presence and absence of (S)-MCPG (100 µM final concentration), an antagonist for mGluR1. In contrast to the results with the agonists, the fluorescence intensity of the intrinsic tryptophans decreased and the fluorescence maxima shifted toward a shorter wavelength (blue shift) upon the addition of (S)-MCPG. These changes were opposite to those observed for agonist binding. A similar spectral change was observed upon the addition of an excess of LY367385 (100 µM final concentration), another antagonist (Fig 2D) , suggesting that, in the ligand-binding states of the two antagonists, the environments around tryptophans involved in the fluorescence change were similar to each other. On the other hand, no spectral change was observed upon the addition of (R)-MCPG (Fig. 2F) , a stereoisomer of (S)-MCPG that does not bind to the mGluR1 LBD (8) . This result clearly indicates that the observed spectral changes are due to the binding of the antagonists.
We measured the rate constants of ligand binding to the LBD with a stopped-flow apparatus. As shown in Fig. 3A , the tryptophan fluorescence was abruptly enhanced upon mixing with glutamate (0.5 mM after mixing), and it almost reached a plateau within one second. The time course of the fluorescence intensity change was roughly fitted to a single exponential curve. From the fitting curve, the observed rate constant (k obs ) of glutamate binding to the LBD was estimated to be 22.2 s -1 . On the other hand, upon mixing with (S)-MCPG (0.5 mM after mixing), the intrinsic tryptophan fluorescence was suddenly quenched and completely reached a plateau within one second (Fig. 3B) . The time course of the fluorescence change was fitted well to a single exponential curve and the observed rate constant was estimated to be 38.6 s -1 . It should be noted that these rate constants of ligand binding are apparent rates measured only at the saturating concentration of ligands. They do not represent actual association rate constants of ligand.
Identification of the tryptophan residue contributing to the spectral change of the intrinsic
tryptophan fluorescence -Tryptophan fluorescence in a protein is generally influenced by the surrounding environment. Water molecules attacking the indole moiety of tryptophan, and polar side chains and peptide bonds in a close proximity of the indole ring are major origin to quench tryptophan fluorescence (28) . There are seven tryptophan residues in one protomer (W110, W224, W320, W367, W372, W468 and W500). To predict which tryptophan residue contributes to the observed spectral changes, we examined the environment around each tryptophan side chain using the atomic models. However, E502 is fully exposed to the solvent and the temperature factors of its side chain in the crystal structures are extremely high (86 ~ 107 Å 2 ), indicating that it rotates freely in random orientations in solution. Thus it was unlikely that this side chain affects the fluorescence of W468 through electrostatic interactions. On the other hand, the carboxyl group of E292 side chain forms a hydrogen bond with a nitrogen atom of the W110 indole ring in the closed conformation. In addition, the carboxyl group of the bound glutamate is also near to the indole ring. Thus, these carboxyl groups might quench the emission from W110 with the excited-state electron transfer (28).
These considerations from crystal structures led us to predict that the observed fluorescence changes mainly resulted from environmental changes around W110. To confirm this prediction, we altered the tryptophan residue to valine by site-directed mutagenesis and measured the fluorescence spectra of the W110V mutant in the presence and absence of glutamate. This mutant maintained the agonist binding ability as judged from the ligand binding assay (data not shown). Nonetheless, no changes were detected in the fluorescence spectrum upon the addition of a sufficient amount of glutamate (Fig. 2G) . Therefore we concluded that the observed spectral changes of the intrinsic tryptophan fluorescence upon ligand binding were due to environmental changes around the W110 indole ring. The fluorescence spectra exhibited the enhanced intensity rather than decreased intensity upon the addition of glutamate ( Fig. 2A) . This fact suggests that the two carboxyl groups of E292 and the bound glutamate in the closed conformation slightly affect, if any, the emission from W110. In this case, the solvent effects would predominate over the effects of these carboxyl groups. Hence the main mechanism of the spectral changes on ligand binding is possibly due to the solvent quench of the W110 fluorescence.
Titration of the intrinsic tryptophan fluorescence with ligands and effects of calcium ions on
binding affinity -Using the intrinsic tryptophan fluorescence change, we produced saturation binding curves by ligand titration and evaluated the apparent binding constants from the titration curves. We also examined the effects of calcium ions on the ligand binding affinity by carrying out titrations in the presence and absence of calcium ions. Figs. 5A -D show the titration curves for four different ligands. In the titration with glutamate without calcium ions, we estimated the apparent dissociation constant (K 0.5 ) of glutamate to be 3.8 µM from the half-maximal change of the titration curve ( Fig. 5A and Table II ). In the presence of 2.0 mM calcium ion, the curve was shifted leftward as compared to that in the absence of calcium ions (Fig. 5A) . In this case, the apparent dissociation constant was estimated to be 1.3 µM, which was about three-fold higher affinity than that without calcium ions. These results indicate that calcium ions act to increase the affinity of glutamate for the LBD. In the titration with quisqualate, the K 0.5 values were shifted to lower ones by about one order in comparison with those of glutamate (0.21 µM and 0.46 µM in the presence and absence of calcium ion, respectively), indicating that quisqualate binds to the LBD more tightly than glutamate ( Fig. 5C and Table II) . This was consistent with the previously-reported pharmacological data, in which the relative binding affinities of these agonists were examined by inhibiting the binding of [ 3 H] quisqualate in the conventional ligand binding assay (9, 10). We further tested the positive effect of calcium ions by the ligand binding assay using [ (Table III) . As expected, the amount of bound ligand in the absence of calcium ions was smaller than that in the presence of calcium ions in both cases.
We also carried out titration experiments for two antagonists, (S)-MCPG and LY367385 (Figs. 5B and 5D). In the absence of calcium ions, the apparent dissociation constants were 40 µM and 0.89 µM, respectively, for (S)-MCPG and LY367385 (Table II) .
The higher affinity of LY367385 than (S)-MCPG was consistent with the previous pharmacological data (30 -32) . Interestingly, the positive effects of calcium ions observed for the agonist were not detected for these antagonists, suggesting that the positive effect of the calcium ions is specific for agonist binding. Reduced cooperativity in the I120A mutant -The negative cooperativity in mGluR1 LBD indicates that the conformational change of one subunit is transmitted into the other through the dimer interface. Thus, we carried out the same experiments using a purified FLAG-tagged I120A LBD, which has a mutation in the subunit interface. This mutation led to the uncoupling of ligand binding and signal transduction induced by mGluR1 (26) . This mutant still maintained the capacity of ligand biding as previously demonstrated (Fig. 7A) . The intrinsic tryptophan fluorescence of this mutant was enhanced and reduced upon the addition of excess glutamate and (S)-MCPG, respectively, as observed for the wild type (Fig. 7B) . We then obtained the titration curves for glutamate and (S)-MCPG binding (Fig. 7C) . From the half-maximum value of the titration curve, we estimated the apparent dissociation constants ring of W110 is not buried inside the protein, but instead exposed to the solvent in the open conformation (7, 8, 25) . If the red-shifted emission of W110 is quenched upon antagonist binding, the total emission would be apparently blue-shifted. Indeed, the fluorescence spectrum was blue-shifted upon the addition of antagonist (Figs. 2B and 2D ), indicating that this consideration is valid. Based on this notion, we can correlate the position of the emission maximum with the conformational states of the protomer: A blue-shifted spectrum indicates an open cleft conformation, whereas a red-shifted spectrum indicates a closed conformation.
In this context, the blue-shifted emission spectrum of the I120A mutant in the ligand-free state ( Fig. 8) indicates that the ligand binding cleft of this mutant opens more easily than that of the wild type even in the absence of antagonist. This is consistent with the reduced affinity of glutamate in this mutant (Table II) . Positive effect of calcium ions on agonist binding -From the titration curves based on the ligand-dependent fluorescence change, we evaluated the apparent dissociation constant for several ligands from the titration binding curves, and found that calcium ions increased the affinity of agonists. This calcium effect was specific for agonists, and was not observed for antagonists, indicating that calcium ions stabilize the closed conformation of the protomer.
Positive effects of calcium ions on physiological mGluR activity have been reported. For example, extracellular calcium ions potentiate the phosphoinositide signaling generated by receptor activation (33), and extracellular calcium ions were required for a persistent response to glutamate stimulation (34) . Thus, our finding may provide one of the molecular mechanisms for the positive effects of calcium ions described in these previous reports.
Negative cooperativity of glutamate binding in the dimeric ligand binding domain -The Hill
analysis of glutamate binding yielded the Hill coefficient which was smaller than 1 (n H , a Hill coefficient, = 0.55 without Ca 2+ ). Although one interpretation of the result is the negative cooperativity between the two binding sites in the dimer, an alternative interpretation is also possible: it is due to the presence of two independent non-interacting sites which have different affinities for glutamate. However, this is not plausible because glutamate does not bind to any other portion besides the each ligand binding cleft of the homodimer in the crystal structures even at the saturating concentration of glutamate (1 mM). Therefore, we concluded that the Hill coefficient smaller than 1 was due to the negative cooperativity of glutamate binding.
Contrary to glutamate, the negative cooperativity was completely abolished for the other agonist, quisqualate (n H = 1.04 without Ca 2+ ). This might be due to the higher affinity of quisqualate for the receptor than glutamate. That is, the strong affinity of quisqualate may overcome the weak-binding conformation of the protomer. As a result, quisqualate could also bind to the second protomer, and the ligand binding cleft of the second protomer would close.
The notion that the negative cooperativity tends to disappear for a high affinity agonist is consistent with the observation that calcium ions, which raise the agonist affinity, slightly increased the Hill coefficient (Table IV) . Thus, the possibility remains that calcium ions are partly involved in the cooperativity through affinity modulation.
For the I120A mutant, the negative cooperativity upon glutamate binding had a tendency to disappear in comparison with that of the wild type because the Hill coefficient was closer to 1 with this mutation (n H = 0.80 without Ca 2+ ). I120 is located at the center of the dimer interface formed by the hydrophobic interaction between each LB I, and hence, it is likely that the cooperativity would come out by the interaction between each protomer through the hydrophobic dimer interface. It should be noted that this mutation reduced the affinity for glutamate, despite the relatively long distance between I120 and the ligand The fact that the negative cooperativity was obliterated in the I120A mutant reminds us of the behaviors of mutants of the bacterial homodimeric aspartate receptor, whose structures have been solved in the apo-form, one aspartate-bound dimer (half site occupied) and two aspartate-bound dimeric states (11, 12) . Mutations at a single residue (serine 68), which is located in the subunit interface and within the aspartate binding pocket, altered the original negative cooperativity to non or positive cooperativity (13). These results, together with our present mutation study, indicate that the cooperativity of ligand binding in a dimeric receptor would be maintained by a subtle force balance in the dimer interface.
What is the role for the negative cooperativity in receptor functions? In general, negative cooperativity extends the ligand concentration range over which the protein can work (14). Thus one possible role for the negative cooperativity is to extend the glutamate concentration range to which the receptor can respond. This mechanism will be useful in the situations where continuous stimulation takes place at the synapse. Even in such a situation, the receptor will be able to respond because the ligand binding sites of the receptors on the cell surface would not be completely saturated by glutamate. The other advantage for the negative cooperativity is a greater sensitivity for low ligand concentration (14). This effect would also work favorably at the glutamatergic synapse in neuronal activity.
Each protomer of the mGluR LBD seems to close easily at the hinge without structural constraints and a closed protomer was actually observed in the ligand-free crystal. Table IV . These data were generated using the averaged values of three independent experiments. 
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